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Abstract

Over the past two decades a number of endogenous compounds that act as ligands for the can-

nabinoid receptors has been discovered. In analogy with the ‘‘endorphins’’ these compounds have

been called ‘‘endocannabinoids’’. Endocannabinoids have been demonstrated in many mammalian

tissues including humans and are widely distributed in the CNS, peripheral nerves, uterus, leukocytes,

spleen and testicles. The uterus contains the highest levels of anandamide, the first discovered endo-

cannabinoid, suggesting an important role for this substance in reproduction. Several studies have

shown anandamide to be involved in the regulation of implantation and reduced activity of the enzyme

that degrades anandamide has been associated with early pregnancy loss in humans. The bulk of the

literature concerning endocannabinoids is based upon anandamide related studies; therefore, in this

review we focus on the metabolism of anandamide and its role in reproduction. D 2002 Elsevier

Science Inc. All rights reserved.
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Introduction

Endogenous cannabinoids are unsaturated fatty acid derivatives which act as endogenous

ligands for cannabinoid receptors. The first product of this group, Anandamide (arachido-

nylethanolamide), was isolated from the porcine brain in 1992 [1]. The name was coined
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from the Sanskrit word ‘‘Ananda’’ meaning bliss. Since then a number of fatty acid deri-

vatives that belong to the group, endocannabinoids has been isolated. These include sn-2

arachidonyl-glycerol [2,3,4], homo-g-linoleoylethanolamide and docosatetraenoyl-ethanola-

mide [5].

Anandamide has several recognised effects on the nervous system. Through interactions

and modulation at the level of neurotransmitters in different regions of the nervous system [6]

it produces several effects on various brain activities. In rodents for example, anandamide

inhibits memory consolidation [7], impairs working memory [8], exhibits analgesic properties

[2], inhibits motor coordination (See Ref. [6] for review) and anxiety like responses [9] and

decreases arousal [10]. All these effects suggest that it might act as a ‘‘stress recovery-factor’’

relieving some of the stress- induced responses and sending messages such as ‘‘relax, eat,

sleep, forget and protect’’ (Cited from [6]).

The uterus contains the highest concentrations of anandamide yet discovered in mam-

malian tissues [11] and this suggests that it might play a role in reproduction. Although there

is a dearth of knowledge on the role of endocannabinoids in reproduction, the fact that exo-

genous cannabinoids such as marijuana and hashish have significant effects on reproduction

and pregnancy suggests a potential role for endocannabinoids in reproduction. In human

marijuana smoking during pregnancy is significantly associated with an increased risk of

preterm labour [12] and intrauterine growth restriction (evidenced by reduction of birth

weight, height, head circumference, mean arm muscle circumference and non-fat area of the

arm) [13,14,15]. Acute marijuana smoking in humans suppresses plasma LH in the luteal

phase. In chronic users, it shortens the menstrual cycle, the effect being predominately a short

luteal phase leading to menstrual irregularities and anovulation [16].

Metabolism of anandamide

Analytical studies and tissue distribution

In the human, anandamide has been isolated in the brain, spleen, heart [17] and breast

cancer cells [18]. Its distribution is more widespread in the rat where it has been found in

phaeochromocytoma cells [18], the kidneys [19], brain [17,20], testicles [21], spleen [17],

skin [17] and blood plasma [22]. It has also been found in the murine uterus [11], leukocytes

and bovine and porcine brain [23]. The highest concentrations of anandamide in the rat brain

are found in the hippocampus and striatum [17].

Synthesis of anandamide

Anandamide is an ethanolamine amide of arachidonic acid, the precursor of prostaglandins

and leukotrienes. It is produced on demand and released from cells when the need arises (i.e.

not stored in cells) [24]. The exact stimulus for its synthesis is poorly understood. Two

mechanisms for the production of anandamide have been described. The first involves the

hydrolysis of a phospholipid precursor in the cell membrane called N-arachidonyl-phospha-
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tidyl ethanolamine (NAPE) to anandamide (Fig. 1). This process is mediated by the enzyme

N-acyl-phosphatidyl ethanolamine selective phospholipase D (Na PE-PLD) [6,21,25–27].

This mechanism is initiated by calcium ion influx into the cell and has been shown to occur in

several mammalian tissues including cultured intact rat neurons [25] and in rat testes [21].

Fig. 1. Metabolism of Anandamide. 1) Anandamide production by Na-PE-PLD from N-arachidonyl-

phosphatidyl ethanolamine. 2) Anandamide production by Anandamide Synthase. 3) N-arachidonyl-phosphatidyl

ethanolamine is produced by the activity of transacylase enzyme. 4) Production of arachidonic acid and

ethanolamine from membrane lipid precursors. 5) Degradation of anandamide by fatty acid amide hydrolase. 6)

Degradation of anandamide by cyclooxygenase-2 enzyme. 7) Degradation of anandamide by lipooxygenase

enzyme. Abbreviations: TAE, (Transacylase enzyme); PLA-2, (Phospholipase-2 enzyme); PLD, (Phospholipase D

enzyme); NAPE, (N-arachidonyl-phosphatidyl ethanolamine); PGE2-Et, (Prostaglandin E2-ethanolamine); 12(S)

AEA, (12(S)-hydroxy-arachidonylathanolamide).
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The precursor NAPE is produced in the cell membrane by a Ca 2+-dependent transacylase

enzyme [6,26,27]. The second mechanism which is de-novo synthesis of anandamide from

arachidonic acid and ethanolamine by condensation (Fig. 1) has however not been demon-

strated in living cells [6].

Release and uptake of anandamide

Once synthesized, anandamide is released from the cell into the extra cellular space where

it can either act in an autocrine or paracrine manner [24]. Due to its lipophylic nature, anan-

damide may diffuse passively through the cell membrane into the cystol [28]. It can also be

internalised by the process of facilitated diffusion mediated by a selective anandamide trans-

porter - this indeed is the main mechanism for internalisation of anadamide [29,30]. Several

compounds, for example phenylmethylsulfonyl fluoride, oleamide [30,31] and N-(4-hydrox-

yphenyl) arachidonoylamine (AM404) [29]) can inhibit anadamide uptake and therefore

potentiate its effects.

Degradation of anandamide

Once internalised anandamide is metabolised to arachidonic acid and ethanolamine (Fig. 1)

by fatty acid amide hydrolase (FAAH) [32,33]. This enzyme, originally known as ‘‘ananda-

mide hydrolase’’ and ‘‘anandamide amidohydrolase’’, is encoded by a single gene localised

on the short arm of human chromosome one [34]. It is 579 amino acids long and has a

molecular mass of 63.0 kDa [33]. It is most abundant in brain and liver tissues and is present

to a lesser extent in the spleen, kidney, testis and lungs [28,34].

Human FAAH shares 82% and 84% sequence identity with FAAH in the rat and mouse

respectively. This degree of sequence homology suggests that the enzymatic mechanism for

anandamide metabolism has been well conserved through mammalian evolution [28,34].

FAAH is inhibited by phenylmethylsulfonyl fluoride (PMSF), arachidonic acid, arachidonyl

trifluromethyl ketone, 2-octyl g-bromoacetoacetate, and palmitylsulfonylflouride (AM374)

[35–40].

Anandamide is also metabolised by cyclo-oxygenase - 2 to prostaglandin E2-ethanolamide

[41]. Although the physiological significance of this metabolic pathway is unclear, it does,

however, further suggest a close link between anandamide and eicosanoids. Anandamide is

also metabolised by lipo-oxygenase to form 12 (S)-hydroxy-arachidonylethanolamide, but the

physiological significance of this is unclear [42–44].

Mechanism of action

Cannabinoid receptor-mediated actions

Anandamide acts as an agonist for cannabinoid receptors. Two subtypes of receptors have

been described to date. The first, CB1, was first described and characterised in the rat brain
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[45]. The cloning and expression of a complementary DNA from a rat brain cDNA library

that encoded CB1 was reported in 1990 [46]. The human CB1 shares 97.3% sequence identity

with the rat CB1 with 100% identity within the trans-membrane regions [47]. The second

receptor subtype, CB2, was first characterised from macrophages of the marginal zone of the

spleen [48]. The CB2 receptor shows 48% identity with CB1 with 68% identity within the

trans-membrane regions.

CB1, originally called central receptor, is the main receptor in the brain. It is found in

several areas of the brain including the hippocampus (which probably explains the effects of

cannabinoids on memory functions), cerebellum, basal ganglia and cerebral cortex. Other

tissues that express CB1 include the cervical ganglion, peripheral autonomic nerves, testes,

spleen, peripheral leukocytes, sperm, uterus, vascular endothelial and smooth muscle cells,

human eye (retina, iris, corneal epithelium and cilliary body) and human placenta [47,49–

58]. The CB2 receptor, on the other hand, was first isolated from splenic cells; hence it is

called ‘‘spleen-type’’ cannabinoid receptor. It is found in a number of immune system-derived

cells including some T-cell lines (EL4.IL2, Jurkat E6-1 and HPB-ALL) [59], monocyte lines

HL60 [48] and RAW264.7 [60] and the mast cell line RBL-2H3 [61]. Both receptors belong

to the super family of G-protein coupled receptors (GPCR) and their functional responses are

mediated by pertussis toxin sensitive GTP-binding (Gi/o) proteins. Two effects of stimulation

of the CB receptors are recognized. Firstly, inhibition of adenylate cyclase leading to de-

creased levels of c-AMP [62–66], and secondly, inhibition of N-type and P/Q type calcium

channels leading to a reduction of calcium ion influx to the cells [63,65–68]. These two

receptor sub-types can be selectively inhibited/antagonised. SR141716A for example, given

orally antagonises the CB1receptor while SR 144528 antagonises the CB2 receptor [24,28].

Certain effects of anandamide, for example, activation of arachidonic acid release and in-

hibition of gap-junction mediated Ca2+ signalling in astrocytes are not mediated by either of

the two known receptors but are mediated by interactions with G-proteins [69].

Non-cannabinoid receptor mediated actions

Anandamide can also affect cellular functions without interacting with cannabinoid

receptors [28]. It can liberate arachidonic acid and positively modulate N-methyl-D-aspartate

(NMDA)-mediated Ca2+ currents in cells that do not express the cannabinoid receptors [70].

In rabbit skeletal muscles, rat cardiac and brain membranes, anandamide inhibits L-type

Ca2+-channels by direct interaction with dihydropyridine binding sites of these channels

[71,72].

Effects of endogenous cannabinoids on reproduction

Effects on the hypothalamic-pituitary-ovarian axis

Exocannabinoids have several adverse effects on the hypothalamic-pituitary-ovarian axis

in both animals and humans. As mentioned earlier, marijuana smoking is associated with the
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suppression of LH and a shortened luteal phase in humans [16,73]. Delta-9-Tetrahydrocan-

nabinol (D9-THC) causes delayed puberty in the female rat [74]. Exposure to D9-THC

suppresses the preovulatory surge of LH in the female rat leading to blocked ovulation [75].

Chronic exposure to D9-THC in the female rat causes irregular oestrous cycles with reduced

serum LH and FSH [76,77] and affects the ultra structure of preovulatory follicles, with a

reduction in the mitochondrial and lipid droplet volumes in peripheral granulosa cells [78].

Similar findings of suppression of serum LH and delayed ovulation have been described in

the female Rhesus monkey [79]. The inhibitory effect on ovulation is reversed by the ad-

ministration of gonadotrophin releasing hormones [76]. This suggests that the inhibitory

effect is mediated via the inhibition of hypothalamic factors, which naturally stimulate the

release of pituitary LH.

The effects of endogenous cannabinoids on the hypothalamic-pituitary-ovarian axis are

quite similar to those of D9-THC. Anandamide decreases serum LH and prolactin levels

in rats of both sexes, although it does not affect the level of serum FSH [80]. Initially,

the site of action of anandamide was thought to be the hypothalamic regulatory centres

with no direct effect on the anterior pituitary. More recently, the CB1 receptor was

identified in the anterior pituitary itself [81,82] and suggests that anandamide may affect

the function of the anterior pituitary by direct action as well as by interfering with the

hypothalamic regulatory factors; the latter mechanism is supported by the fact that

cannabinoid receptors are present in the arcuate nucleus and the preoptic area [83].

The expression of the CB1 receptor gene in the anterior pituitary is regulated by sex

steroids [84]. The amounts of CB1 receptor-mRNA transcripts in the anterior pituitary

fluctuate through the ovarian cycle in rats with the highest levels in the diestrus and the

lowest in the oestrus phase. In contrast, anandamide levels in the anterior pituitary peak

in the estrus phase and are lowest in the diestrus phase. The concentration of anandamide

in the hypothalamus shows the reversed pattern, suggesting that anandamide concentration

in both the anterior pituitary and the hypothalamus are influenced by sex steroids [84].

Anandamide might, therefore, play an important role in the regulation of the hypothala-

mic-pituitary-ovarian axis, possibly affecting the process of ovulation and the regulation

of the menstrual cycle.

Anandamide affects the neuroendocrine system of pregnant rats. When administered

chronically it prolongs the duration of pregnancy and increases the rate of stillbirth [85].

It also reduces the levels of serum LH, pituitary prolactin, serum prolactin, serum

progesterone and prostaglandins PGF1 and PGF2 [85]. The reduction in the levels of

prostaglandins might partly explain the prolongation of pregnancy. The prolongation of

the duration of the pregnancy is different from the effect of exogenous cannabinoids

which, as mentioned earlier, are associated with preterm labour. Administration of

anandamide has no effect on the levels of FSH or gonadotrophin releasing hormone

[85]. The postnatal development of the hypothalamic pituitary axis in the offspring of

animals who receive anandamide during the pregnancy is temporarily inhibited [86]. The

inhibitory effect is more prominent in males compared to females [86]. This inhibitory

effect on the developing hypothalamic pituitary axis disappears by the 20th postnatal

day [86].
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Effects of endogenous cannabinoids on spermatogenesis, fertilisation, embryo development

and pregnancy implantation

In animal studies, both anandamide and D9-THC have been demonstrated to have adverse

effects on sperm function. They reduce sperm fertilizing capacity of sea urchins by inhibiting

the acrosome reaction, an effect mediated by the CB1 receptor [51,52]. Chronic exposure to

exogenous cannabinoids in mice leads to impaired spermatogenesis at both the mitotic and

meiotic stages [87]. Chronic marijuana use in humans is associated with reduced serum

testosterone levels, reduced sperm counts and impotence [88]. Marijuana use in early

pregnancy in humans is associated with increased incidence of fetal loss [16]. Several animal

studies have demonstrated adverse effects of marijuana exposure in early pregnancy.

Marijuana exposure in the rabbit for example, is associated with an increased rate of embryo

resorption [89]. The murine uterus has the capacity to synthesise anandamide (de novo

synthesis) and indeed contains the highest level of anandamide yet discovered in mammalian

tissues [11]. The CB1 receptor-mRNA is expressed in the epithelial cells of the mouse uterus

[53]. The uterus becomes receptive for implantation on day 4 (implantation day) and by day

five it becomes non-receptive [90]. The concentrations of anandamide and the enzymatic

activities involved in the synthesis and degradation of anandamide show little changes in the

first four days of pregnancy (before implantation) apart from a significant decrease in FAAH

activity between days three and four (Fig. 2a, b and c).

After implantation on day four, anandamide concentrations in the implantation and non-

implantation sites diverge with non-implantation site levels increasing dramatically with a

concomitant increase in anandamide synthase activity and a decrease in FAAH activity (Fig.

2a, b and c). As a result of these changes, the concentrations of anandamide and the anan-

damide synthase activity are significantly higher in the non-implantation sites compared to

the implantation sites (Fig. 2a and b). FAAH activity is also higher in the implantation sites

compared to the non-implantation sites (Fig. 2c). Analysis of anandamide concentrations and

the enzymatic activities in pseudopregnant uteri on day five reveals findings similar to those

encountered at the non-implantation sites [11,91]. In keeping with these findings, FAAH

expression has been found to be reduced on day five compared to the first four days of

pregnancy [92]. These findings suggest that the systemic endocrine milieu in early pregnancy

is involved in the increased levels of anandamide and the enzymatic changes described.

Indeed, these findings are supported by the recent observation that oestrogen and progester-

one derived from the maternal ovary suppress the activity of FAAH in the mouse uterus [93].

The fact that the implantation and non-implantation sites, and the pseudopregnant uterus have

different concentrations of anandamide and also show different enzymatic profiles suggests

that local factors such as uterine decidualisation or the presence of the embryo prevents the

increase of anandamide concentrations.

Both CB1 and CB2 mRNAs are expressed in the preimplantation mouse embryo [94].

Anandamide arrests the development of embryos at or after the 2-cell stage in-vitro, primarily

between the 4-cell and 8-cell stages. The effect is dose dependent [94]. A reduction in

trophoectodermal cell numbers is seen in those embryos that escape the developmental arrest

in the presence of anandamide and develop into blastocysts [95]. Anandamide also reduces
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Fig. 2. Changes in Anandamide levels (a), Anandamide synthase (b) and FAAH (c) in Mouse pregnancy.

Abbreviations: non-impl, non-implantation sites; implant, Implantation sites; FAAH, Fatty Acid Amide Hydrolase

enzyme; A.S., anandamide synthase enzyme. Anandamide concentrations are in nmol/g tissue. (Data in 2 (a)

derived from reference [11] with permission from National Academy of Sciences, U. S. A. ‘‘Copyright 1997’’.

Data in 2 (b) 2 (c) derived from reference [91] with permission of Wiley-Liss, a subsidiary of John Wiley and sons,

‘‘Copyright 1996’’.
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the rate of zona- hatching of blastocysts in-vitro [11]. These effects are mediated by the CB1

receptor as they are abolished when SR141716A (CB1 antagonist) is co-administered with

anandamide [95], but not when SR144528 (CB2 antagonist) is co-administered with

anandamide [96]. The exact role of the CB2 receptor in the embryo is yet to be defined

[97]. Embryos at the 1 and 2-cell stages and at the blastocyst (day 4) stage all express FAAH,

but the enzyme is not expressed in embryos at the 8-cell stage [92]. This finding suggests that

FAAH in the embryo plays an important role in controlling the levels of anandamide to curtail

the effects of anandamide on the embryo’s development. Embryos at the blastocyst stage

exposed in culture to low levels of anandamide show accelerated trophoblast differentiation

and outgrowth while higher concentrations of anandamide inhibits trophoblast differentiation

[98]. There are no data on the levels of anandamide and the enzymatic activities beyond day

seven of the mouse pregnancy.

Anandamide maybe involved in the regulation of the ‘‘window’’ of implantation by

synchronising embryo development with preparation of the uterus up to the receptive state

[11]. The higher levels of anandamide in the non-implantation sites could be responsible for

the inhibition of trophoblast proliferation while the lower levels at the implantation sites

might help the proliferation of trophoblast, hence two different effects of anandamide are

observed depending on its local concentrations [97]. On the other hand, excessive anan-

damide levels might induce the non-receptive phase prematurely leading to early pregnancy

failure. In embryos that are deficient in CB1 and/or CB2 receptors, development is asyn-

chronous with the uterine development [99]. On the morning of day four, 98% of wild

embryos are at the blastocyst stage compared to only 62%, 71% and 61% of embryos that

are deficient in CB1, CB2 or both CB1 and CB2 respectively [99]. This further supports the

theory that anandamide may regulate the window of implantation. Another possible role for

anandamide is that it might act acts as a reservoir of arachidonic acid for the generation of

prostaglandins which are important for the embryo development and implantation [11].

Whether anandamide plays a role in the regulation of implantation in humans remains

uncertain, as the mechanism of implantation in the mouse is distinctly different from that in

humans. However, a recent study on the levels and activity of FAAH in maternal lympho-

cytes suggests that FAAH in the lymphocytes might be a useful marker for early pregnancy

failure. Levels of FAAH were measured in 50 women in early pregnancy (7–11 weeks

gestation) and were found to be significantly lower in 7 women who miscarried compared to

that in the 43 women who had successful pregnancies [100]. From the results of this study, a

threshold value for FAAH activity was identified. In a later study by the same group, the

enzyme activity was measured in 150 healthy pregnant women at 8 weeks gestation. In 15 of

these women the activity of the enzyme was below the threshold and all of them miscarried.

In contrast, only one woman out of 135 who had FAAH activity above the threshold

miscarried [100]. These findings are interesting particularly as they imply that a reduced

activity of FAAH is associated with a poor outcome in contrast to the findings in the mouse

that FAAH activity is suppressed in the uterus with the advancement of the pregnancy.

More recently, in a study by the same group, it was found that progesterone but not b-HCG
stimulates the activity of FAAH [101]. In the same study, it was shown that anandamide

inhibits the production of Leukaemia-inhibitory factor (LIF) [101]. Since LIF is reported
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to be defective in cases of recurrent miscarriages [102], a low level of FAAH might lead to

spontaneous miscarriage by increasing the levels of anandamide which in turn inhibits the

production of LIF [101]. What remains unclear at this stage is whether the changes in

FAAH in early pregnancy failure are a result of the failing pregnancy or a cause of the

failure. It is well recognized that failed pregnancies are associated with decreased levels

of progesterone and it is possible that the reduced levels of progesterone leads to a re-

duction of FAAH in peripheral lymphocytes [103]. There are no studies, however, that

evaluate the association between anandamide levels in the peripheral lymphocytes, the

uterus and placenta.

Future Directions

Endocannabinoids are potentially an exciting group of endogenous mediators that are

involved in the regulation of mammalian reproduction. The involvement of anandamide in

the regulation of the anterior pituitary hormones, the close link between sex steroids and

anandamide levels in both the anterior pituitary and the hypothalamus, and the fluctuation of

anandamide levels throughout the ovarian cycle all suggest an important role for anandamide

in the control of the menstrual cycle. If similar findings are confirmed in humans, then this

might lead to a better understanding of menstrual disorders and certain cases of anovulation

and infertility.

Anandamide plays a critical role in the regulation of early pregnancy acceptance and

maintenance in the animal model. The exact role in humans is yet to be elucidated but the recent

findings of a correlation between FAAH activity in peripheral lymphocytes and the outcome of

pregnancy suggest that endocannabinoids might play an important role in the regulation/

maintenance of early pregnancy. There is need for further work to explore the relation between

the levels of anandamide and FAAH in lymphocytes from the uterus. Anandamide levels are

influenced by sex steroid hormones. Levels of anandamide may, therefore, differ in and outside

pregnancy. If this is the case, then it might explain some of the mood changes encountered

during pregnancy and after childbirth. There is a need to investigate all these unanswered

questions on the role of anandamide in reproduction.
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